We present a detailed analysis of the interstellar medium towards the TeV γ-ray sources HESS J1640−465 and HESS J1641−463 using results from the Mopra Southern Galactic Plane CO Survey and from a Mopra 7 mm-wavelength study. The γ-ray sources are positionally coincident with two supernova remnants G338.3−0.0 and G338.5+0.1 respectively. A bright complex of HII regions connect the two SNRs and TeV objects. Observations in the CO(1-0) transition lines reveal substantial amounts of diffuse gas positionally coincident with the γ-ray sources at multiple velocities along the line of sight, while 7 mm observations in CS, SiO, HC 3 N and CH 3 OH transition lines reveal regions of dense, shocked gas. Archival HI data from the Southern Galactic Plane Survey was used to account for the diffuse atomic gas. Physical parameters of the gas towards the TeV sources were calculated from the data. We find that for a hadronic origin for the γ-ray emission, the cosmic-ray enhancement rates are ∼ 10 3 and 10 2 times the local solar value for HESS J1640−465 and HESS J1641−463 respectively.
INTRODUCTION
HESS J1640−465 and HESS J1641−463 are two adjacent and intriguing very-high-energy (VHE, E > 100 GeV) γ-ray sources whose origins are uncertain. Knowledge of the distribution of interstellar gas towards these sources is vital in order to differentiate between possible models of TeV γ-ray production. In particular, understanding the hadronic production model of TeV gamma-rays in which highly accelerated cosmic rays (CRs) interact with target atomic and molecular gas.
HESS J1640−465 is a VHE γ-ray source first discov- and a characteristic age of 3350 years. Modelling of leptonic γ-ray production suggested that a PWN could be responsible for the TeV emission from HESS J1640−465, although fine-tuning is required to explain the smooth GeV and TeV spectrum. HESS J1641−463 was initially unnoticed by standard H.E.S.S. detection techniques due to its low brightness and proximity to the bright source HESS J1640−465. Energy cuts and deeper observations led to the positive identification of the new TeV γ-ray source at a significance of 8.5σ at energies above 4 TeV (Abramowski et al. 2014b). HESS J1641−463 has an unusually hard spectrum (photon index Γ ≈ 2) with no obvious sign of a cut-off. Analysis of Fermi-LAT data (Lemoine-Goumard et al. 2014) reported the detection of 2 distinct GeV sources positionally coincident with HESS J1641−463 and the nearby HESS J1640−465. HESS J1641−463 is positionally coincident with the radio SNR G338.5+0.1. The SNR itself is seen as a poorly defined circle of non-thermal emission (Whiteoak & Green 1996) . The pair of SNRs seen towards the two H.E.S.S. sources are connected by a complex of HII regions, which includes G338.4+0.0 and G338.45+0.06.
The production of TeV γ-ray emission from HESS J1641−463 via leptonic processes via a population of electrons with energies of several hundred TeV up-scattering background photons was considered by Abramowski et al. (2014b) . These electrons could be sourced from the coincident SNR G338.5+0.1 or even from a nearby PWN. This leptonic scenario, however, should be accompanied by a characteristic break in the γ-ray spectrum at multi-TeV energies resulting from the Klein-Nishina effect on the cross-section for inverse-Compton scattering at high energies. The lack of such a characteristic break in the γ-ray spectrum of HESS J1641−463 led the authors to disfavour the leptonic scenario.
A more promising scenario is that the γ-ray emission from HESS J1641−463 is due to interstellar medium (ISM) illuminated by highly accelerated CRs. Modelling by Abramowski et al. (2014b) indicate that the TeV spectrum of HESS J1641−463 could be produced by distribution of protons (with a power-law slope of −2.1) interacting with molecular gas seen by using CO(1-0) data taken with the Nanten radio telescope. The proton spectrum would need to have a high cut-off energy (> 100 TeV) and represents one of the hardest spectra associated with a TeV γ-ray source extending into the PeV energy range; a so called PeVatron. The coincident SNR G338.5+0.1 could possibly be the source of these CR protons provided it had a young age ( 1 kyr), as the proton spectrum agrees with predictions of diffusive shock acceleration in young SNRs. However an older SNR (5-17 kyr, Abramowski et al. 2014b) would not be able to accelerate CRs up to PeV energies (Bell et al. 2013) , and would require another CR source. An intriguing idea is that VHE protons accelerated by the young SNR coincident with HESS J1640−465, SNR G338.3−0.0 (with an age of 1-2 kyr to 5-8 kyr (Slane et al. 2010; Abramowski et al. 2014a), could be diffusively reaching the gas towards HESS J1641−463. The energy-dependant process of diffusion would preferentially allow higher energy CRs to reach the target material earlier (Aharonian & Atoyan 1996), producing the hard proton spectrum that is needed to generate the TeV γ-ray spectrum of HESS J1641−463.
Another puzzling aspect about HESS J1641−463 is the marked difference between the GeV and TeV components of its γ-ray spectrum. The GeV spectrum as measured by Fermi-LAT is very soft, which is in stark contrast to the very hard TeV spectrum as measured by H.E.S.S. This suggests that there may be two different sources to the GeV and TeV components. A possible scenario would be GeV γ-rays are produced by less energetic CRs from the old SNR G338.5+0.1 illuminating ambient gas, with TeV emission produced by higher energy CRs from the younger SNR G338.3−0.0.
Any attempt to fully understand the origin scenarios of both HESS J1640−465 and HESS J1641−463 requires a detailed understanding of the distribution of the interstellar medium in the surrounding environment. Thus we have used high-resolution data collected by the Mopra radio telescope in this study. As part of the Mopra Southern Galactic Plane CO Survey, the distribution of diffuse (n 10 3 cm −3 ) interstellar medium was traced towards HESS J1640−465 and HESS J1641−463. In addition we have taken complimentary data in the 7 mm wavelength band, targeting the dense (n 10 4 cm −3 ) gas tracer CS(1-0) as well as the tracers SiO(1-0), CH3OH and HC3N.
In §2 we describe the parameters of the data taken by the Mopra radio telescope and the data reduction processes. The gas parameter calculations we apply to these data are described in §3. In §4 we investigate the gas distribution towards HESS J1640−465 and HESS J1641−463 and in §5 we discuss the impact our results have on the possible emission scenarios for the TeV sources.
Distance to SNRs and HII complex
The distance to SNR G338.3−0.0 and SNR G338.5+0.1, and the HII complex containing G338.4+0.0 and G338.45+0.06 have previously been reported in several studies utilising observations in the 21 cm HI spectral line.
Lemiere et al. (2009) derived a distance of 8 -13 kpc for SNR G338.3−0.0 and the HII surrounding region based on HI absorption features. This is in agreement with previous work presented by Kothes & Dougherty (2007) , who also used HI absorption to derive a distance of 11.7 +2.0 −0.5 kpc for G338.4+0.0. The nearby SNR G338.5+0.1, coincident with HESS J1641−463, was found to have a very similar HI absorption profile as G338.4+0.0, which led to the assertion that it too was most likely located at ∼11 kpc.
The This places the two SNRs and the HII complex in the Norma II spiral arm at the far side of the Galaxy. In our results in §4, we have used the Galactic rotation curve in Kothes & Dougherty (2007) to calculate distances for corresponding vLSR. For purposes of our discussion in §5, we adopt a distance of 11 kpc for the two SNRs, HII regions, and both HESS J1640−465 and HESS J1641−463. The Mopra spectrometer, MOPS, was used to target specific molecular line tracers. MOPS is capable of recording in sixteen 4096-channel bands simultaneously whilst in its 'zoom' mode as employed here in our 7 mm observations. The list of the targeted molecular transitions and TRMS levels are displayed in Table 1 . The beam FWHM of Mopra • .5 region of the Galaxy. The beam FWHM and spectral resolutions of the survey are 0 .6 and 0.1 km/s respectively. Full details about the observational parameters used in this survey can be found within the aforementioned papers.
OTF mapping data was reduced and analysed using ATNF analysis software, Livedata, Gridzilla, and Miriad, as well as custom IDL routines.
Livedata was used to calibrate each scan row/column data against a sky reference position and to apply a polynomial baseline-subtraction. Gridzilla was used to re-grid and combine the data from multiple mapping scans into individual three-dimensional data cubes. Miriad and custom IDL routines were used to generate integrated velocity, peak velocity, and position-velocity images from the data cubes.
GAS PARAMETER CALCULATIONS (SPECTRAL LINE ANALYSIS)
To investigate the gas distribution towards HESS J1640−465 and HESS J1641−463, we calculated mass and density parameters using CO(1-0), CS(1-0) and HI data. Using the custom IDL routine domom, we produced integrated intensity maps of the different molecular lines. The average column density of molecular hydrogen, NH 2 , was calculated from these maps following the corresponding methods outlined in the subsequent sections. The mass of gas in a region, M , is then estimated via the relation:
where A is the cross-sectional area of the region and mH is the mass of a hydrogen atom. From this, the average number density of the region n was estimated assuming that the thickness of the region (along the line of sight) had the same value as the height and width. Note that before the intensity values from the velocity-integrated maps could be used to find the column density, they first had to be scaled by a correction factor to account for the beam efficiencies of 
CO
In this work, to convert brightness temperature to column density, we have adopted the value of the CO(1-0) X-factor to be X CO(1-0) ∼ 1. 
where R 12/13 is the ratio of the brightness temperature of the 12 CO and 13 CO lines and X 12/13 = [ 12 C/ 13 C] is the isotope abundance ratio. This abundance ratio was determined via X 12/13 = 5.5R+24.2 where R is the galactocentric radius in kpc (Henkel et al. 1982 ).
CS
The CS(J=1) column density was calculated using Equation 9 from Goldsmith & Langer (1999). This equation expresses the upper level column density in terms of the observed integrated line intensity. The optical depth term required in this equation was determined from the CS(1-0)-C 34 S(1-0) intensity ratio in regions where C 34 S(1-0) was detected. We adopted the elemental abundance ratio of 22. Assuming local thermodynamic equilibrium (LTE) at Trot ∼ 10 K, the total column density of CS is a factor ∼ 3.5 times that of the CS(J=1) column density. This temperature assumption introduces a small systematic error into our CS(1-0) column density estimates. A factor of 0.7-1.2 error would be associated with a temperature variation between 5-15 K. We assume a molecular abundance of CS to molecular hydrogen to be ∼ 10 −9 (Frerking et al. 1980 ).
HI
The 
RESULTS
Overall, the CO transitions reveal a distribution of gas along the line-of-sight towards the TeV sources. Significant detections made in CS(1-0) transitions reveal dense molecular cores within the gas distribution. We also note that detections were made in the SiO(1-0), CH3OH (I) and HC3N(5-4, F=4-3) transitions towards the dense cores. We discuss these detections in more detail below.
CO(1-0) emission
12 CO and 13 CO line emission data from the Mopra survey was studied towards HESS J1640−465 and HESS J1641−463.
12 CO(1-0) is the standard tracer for diffuse molecular hydrogen gas, while the 13 CO(1-0) line is generally optically thin with 13 CO being approximately 50 times less abundant than 12 CO. Detections in both isotopologues lines were made towards the TeV sources, as well as in other adjacent regions.
CO(1-0) emission towards HESS J1640−465 and HESS J1641−463
A substantial amount of CO(1-0) emission appears to be overlapping the line of sight towards HESS J1640−465 and HESS J1641−463. The left panel in Figure 1 is an integrated emission image of 12 CO(1-0) data from the Mopra survey between −53 and −23 km/s towards the two TeV sources. The right panel of Figure 1 displays the average 12 CO(1-0) and 13 CO(1-0) emission spectra of the regions corresponding to the reported intrinsic Gaussian size of HESS J1640−465 and the maximum Gaussian extent of HESS J1641−463 indicated in the left panel by rightmost and leftmost white dashed circles respectively. The central white dashed circle in the left panel of Figure 1 indicates the location of intense CO(1-0) emission seen towards a region that bridges HESS J1640−465 and HESS J1641−463, and is discussed further in a later part of this section.
Multiple broad emission components are seen in the CO(1-0) spectra towards HESS J1640−465 and HESS J1641−463 in the right panel of Figure 1 between −140 and 0 km/s. The velocity positions of these components are indicated by the shaded rectangles in the right panel of Figure 1 and are labelled as indicated. Figure 2 shows panels of the integrated 12 CO(1-0) emission over said velocity intervals.
Components 1 2 and 3 (red, yellow and orange shaded boxes) appear both towards HESS J1640−465 and HESS J1641−463 and are centred at ∼ −30, −40 and −50 km/s respectively. The gas traced in these components are the most likely candidates to be associated with the HII complex, which includes G338.4+0.0 and G338.45+0.06 with VLSR ∼ −30 to −40 km/s. This motivates the integration range used in the left panel of Figure 1 which corresponds to the velocity space spanned by these three components.
In component 1 (−35 to −23 km/s), the 12 CO(1−0) emission is very prominent in the spectrum towards HESS J1641−463. The corresponding integrated intensity image shows a molecular cloud positionally coincident with HESS J1641−463 that extends spatially to at least the Galactic-west and Galactic-north-western parts of SNR G338.3-0.0.
Gas is seen overlapping both TeV sources, as well as all around these sources, in the integrated image for component 2 (−45 to −35 km/s). Additionally, intense CO emission appears in the region between the TeV sources. An approximate ring of emission can be made out towards HESS J1641−463 and is discussed in a later section.
In the integrated image for component 3 (−53 to −45 km/s), the gas overlapping HESS J1640−465 appears to be connected to a cloud complex to the Galactic-west. Less gas appears to be directly overlapping HESS J1641−463 and the intense emission between the two TeV sources appears more towards the Galactic-south than in component 2.
The broad features in components 1, 2, and 3 in both 12 CO and 13 CO spectra appear to overlap each other. Thus it is difficult to say with certainty if these are physically connected structures. As such the mass and density parameters for these features were calculated individually. The spectrum in these components were fit with a multi-Gaussian function, and the individual Gaussian functions were used to calculate mass and density parameters. The parameters of the fitted Gaussian functions and the calculated properties of the diffuse H2 gas are displayed in Table 2 .
Emission in component 4 (−63 to −55 km/s) is seen only in the region towards HESS J1641−463. A small molecular cloud appears overlapping the Galactic-north upper half of TeV source.
Component 5 (−90 to −68 km/s) and component 6 (−92 to −81 km/s) both include emission in a long band of gas that passes through both TeV sources. Emission in component 6 has an additional tail end that extends to the Galactic-south-east of HESS J1640−465.
Component 7 (−103 to −90 km/s) has an arm like structure of emission that overlaps through HESS J1641−463 while a minor amount of wispy gas is seen in component 8 (−108 to −97 km/s) in the Galactic-northern region of HESS J1640−465.
Component 9 (−125 to −108 km/s) includes features in the gas that overlap much of HESS J1640−465, and appears to be connected to a gas structure immediately to the Galactic-south.
As mentioned in §1.1, the HII complex and both SNRs have been established in literature to be at the far distance, with associated kinematic velocities of ∼ −40 to −30 km/s. This corresponds to a distance of ∼ 11 to 12 kpc along the line-of-sight (using the rotation curve from Kothes & Dougherty 2007). The gas traced in components 1, 2, and 3 are the only candidates for association to the HII complex and SNRs from kinematic distance considerations, as the vLSR of other gas components along the line-of-sight will not yield a far distance solution of ∼ 11 to 12 kpc.
It is possible that not all gas traced in components 1, 2, and 3 are located at the far distance, as contamination . from molecular material located at the near solution may occur. However, the likely need for molecular gas to support the HII complex suggests that a significant fraction of the CO emission in components 1, 2, and 3 traces associated gas located at the far distance.
CO bubble feature seen at v LSR ∼ −40 to −35 km/s Figure 3 shows the integrated 12 CO(1-0) emission between −40 and −35 km/s. Overlaid are black contours indicating integrated 13 CO(1-0) emission in the same velocity interval. Both data show an ellipse-like ring of emission seen approximately positionally coincident with HESS J1641−463. The location of this ring is indicated by the white dashed ellipse in the figure. The ellipse has semi-major and semi-minor axis lengths of ∼ 7 and 5 arcminutes respectively. Figure 4 is a position-velocity plot (in longitude) of the 12 CO(1-0) emission in the magenta rectangle region shown in Figure 3 . A cavity is seem in the gas at the ∼ −40 to −30 km/s velocity range, the approximate position of which is illustrated by the dashed white ellipse. The overlaid white contours indicate integrated emission in the dense gas tracer CS(1-0) seen in our 7 mm observations in the same velocity interval. Note that the extent of the coverage in 7 mm only partially covers the position-velocity plot. The image suggests that the bubble-like feature may have been blown out from one side of the molecular cloud seen in component 1 (velocity range ∼ −35 to −23 km/s) in Figure 2 . It is possible that this bubble has been blown out by the SNR G338.5+0.1 or perhaps the result of the stellar wind from a progenitor star.
From Figure 3 , the thickness of the ring is ∼ 3 arcminutes. The kinematic distance along the line-of-sight is ∼ 11.4 kpc at −40 to −35 km/s. Under these assump- Table 2 . 12 CO(1-0) line parameters, and the corresponding calculated gas parameters, from the apertures as indicated in Figure 1 . The line-of-sight velocity, v LSR , line-width (full-width-half-maximum), v FWHM , and peak intensity, T peak , were found by fitting Gaussian functions to the 12 CO(1-0) spectra. The optical depth was calculated by comparing the 12 CO and 13 CO line emission following §3.1. Masses and density have been scaled to account for an additional 20% He component. In components 1, 2, and 3 of Figure 2 , we see an area of intense CO emission located towards the Galacticsouth part of the region that bridges HESS J1640−465 and HESS J1641−463 which appears to span between ∼ −35 to −55 km/s. This region is indicated by the central white dashed circle in Figure 1 . Figure 5 shows the average 12 CO(1-0) and 13 CO(1-0) emission spectra in this region. 3 components are seen in the 12 CO spectra that match well with components 1, 2, and 3 in Figure 1 . Calculated mass and density parameters for these components are displayed in Table 2 . respectively. Our 7 mm observations had coverage over the region labelled "1" in the top panel of Figure 6 , and we include the spectrum for CS(1-0) emission in red in the corresponding set of axes. Note that the 13 CO(1-0) and CS(1-0) emission have been scaled by a factor of 2 and 10 respectively for clarity.
Broad emission from ∼ −80 to −20 km/s is seen in these regions which may be due to multiple contributing components. The broadness of this emission make it difficult to place the gas at a distance with any certainty using Galactic rotation curve calculations. The rotation curve from Kothes & Dougherty (2007) yields a distance estimate of 1.6 − 4.6 kpc (near solution) and 9.5 − 12.5 kpc (far solution). The far distance solutions overlap with the estimated distances to HESS J1640−465 and HESS J1641−463, so it is important to give consideration to the gas structure as CR target material. This is discussed further in §5.1.
7 mm line emission
In our 7 mm observations towards HESS J1640−465 and HESS J1641−463, detections were made in the CS(1−0), C 34 S(1-0), SiO(J=1-0,v=0), HC3N(5-4, F=4-3) and CH3OH (I) lines.
Dense gas in the region was traced by CS(1-0) and C 34 S(1-0) emission. The CS(1-0) transition has a critical density for emission of ∼ ×10
5 cm 3 at a temperature of ∼ 10 K, making it an ideal tracer for probing the deeper and denser inner regions of molecular clouds. SiO emission is usually produced behind shocks moving through molecular clouds (Gusdorf et al. 2008 ) from which the SiO(J=1-0,v=0) line can be detected. HC3N is often detected in warm molecular clouds and is associated with star forming regions, while the CH3OH (I) maser generally traces star formation outflows.
The location of the dense gas traced by the CS(1-0) line in our study are displayed via a velocity-of-peak-pixel map in Figure 7 . From the figure, we can see that most of . Bottom: Average 12 CO(1-0) (black) and 13 CO(1-0) (blue) emission spectra in three circular regions indicated above in white. CS(1-0) emission from 7 mm observations is displayed in red for extended region 1. 13 CO and CS(1-0) emission have been scaled by a factor of 2 and 10 respectively for clarity. Vertical dashed lines indicate the integration range used to produce the image in the top panel.
strongest CS(1-0) emission occurs at a velocity consistent with components 1, 2, and 3 (−53 to −23 km/s) in the CO(1-0) data. Several regions of significant CS(1-0) emission present themselves and are roughly grouped together as illustrated in Figure 7 . These groups are discussed below together with other detections made in the 7 mm band. The detections of the 7 mm lines aside from CS are shown in Figure 10 overlaid on a Spitzer 8.0 µm image of the region. of the emission is extended in nature, forming a slight arc with what appears to be 2 dense clumps.
mm emission in Group B or "bridge" region
Group B is the central bridge coincident with the HII complex between HESS J1640−465 and HESS J1641−463. A markedly strong amount of CS(1-0) emission is seen here spanning a broad (∼ 20 km/s) velocity space. Group B is also roughly positionally coincident with the intense emission seen in the CO "bridge" discussed earlier, with emission features at similar velocities. Figure 9 is a longitude-velocity image of CS(1-0) data in the region indicated by a solid green box in Figure 7 . From this image, there appears to be two separate dense cores with broad CS(1-0) emission in this region separated in velocity, but somewhat overlapping spatially along the line of sight. We label these Bridge Core 1 and Bridge Core 2 as illustrated. These cores appear to be embedded in an extended bridge of emission linking themselves as well as other smaller clumpy features. We note the good correlation between Bridge Core 1 and emission in 13 CO(1-0) (indicated by the solid black contours in Figure 9 ). Bridge Core 2, however, appears to be offset from the local maximum traced in 13 CO. Detections in the isotopologue transition C 34 S(1-0), as well as in SiO(1-0) and HC3N(5-4, F=4-3) were made towards core 1 and core 2. The left and centre panels of Figure 8 displays the emission spectra in these lines towards Bridge Core 1 and Bridge Core 2. The spatial size of the cores was determined by fitting a Gaussian function to the line profile drawn through the centre of each core, and the spectra extracted from circular apertures with sizes equal to the FWHMs (1.3 and 0.9 for Bridge Core 1 and 2 respectively). We note that all the 7 mm line emission peaks at the same velocity as the intense emission in CS(1-0); −40 and −32 km/s for Bridge Core 1 and 2 respectively. Table 3 displays the 7 mm detection parameters and mass estimates calculated from the data in these cores. Mass parameters were calculated following §3.2 assuming the gas is at a distance of 11 kpc.
SiO(1-0) emission appears positionally coincident with Bridge Core 1 and Bridge Core 2 at the same velocity as that observed in CS(1-0). This suggests that both these cores have been disturbed by a shock passing through. A CH3OH (I) maser is seen at the Galactic-north-east edge of Bridge Core 1, suggesting the presence of an outflow. Combined with the detection of HC3N at the same position and velocity and that Bridge Core 1 and 2 appear to be embedded in the complex of HII regions, the shock is likely to be been caused by recent nearby star formation.
mm emission in Group C
Group C is a region towards the Galatic-eastern side of the gas structure located to the Galactic-west of HESS J1640−465 and HESS J1641−463 as traced in CO. Note that the extension of our 7 mm observations only reaches to include the region labelled "1" in the top panel of Figure 6 . We see large-scale extended and broad emission in the region in CS (1-0) . This emission is in the same kinematic velocity ranges as that of the CO(1−0) emission. In , the average spectra shown for Extended region 1 include the CS(1−0) emission spectrum in red. Emission is seen between ∼ −80 to −30 km/s, similar to the profile seen in the 12 CO and 13 CO, and is likely tracing denser regions that exist inside cloud. There is also one dense core traced in CS which appears at ∼ −120 km/s (dark blue in Figure  7 ). A core of gas traced by CS emission is seen at −80 km/s (green in Figure 7 ) within the Galactic-north-east bounds of HESS J1641−463. This −80 km/s core appears marginally extended and is positionally coincident with detections made in NH3(1,1) in the HOPS survey. Detections in the isotopologue transition C 34 S(1-0) were also made at this position, as well as in SiO(J=1-0,v=0) and HC3N (5-4, F=4-3) . The average spectra of the 7 mm lines detected in an aperture centred at this core is displayed in the right panel of Figure  8 , and we note that the emission in each line peaks at −80 km/s. A CH3OH (I) maser is also seen positionally coincident with this core at −79 km/s. The velocity at which this core is detected suggests that it is not associated with the HII complex (which has vLSR ∼ −30 to −40 km/s). Figure7) . The line-ofsight velocity, v LSR , peak intensity, T peak , and line-width, v FWHM , were found by fitting Gaussian functions to the spectra in Figure 8 . The optical depth, together with mass and density calculations used the CS(1-0) and C 34 S(1-0) data following §3.2. a
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HI emission
The atomic gas towards HESS J1640−465 and HESS J1641−463 was studied using HI data from the Southern Galactic Plane Survey (SGPS) (McClure-Griffiths et al. 2005). Integrated velocity maps were generated from the HI emission cubes over the same velocity intervals as the components traced in CO. Images of the HI integrated velocity maps can be found in the appendix Figure A2 . We note that a study of atomic gas using SGPS data towards HESS J1640−465 was carried out by Supan et al. (2016), which focused on the velocity ranges from −121 to −111 km/s and from −40 to −25 km/s. We find that our results are similar to those presented towards HESS J1640−465.
There are prominent dips in the HI spectra towards the TeV sources which occur at velocities where emission features are seen in the CO spectra. These dips may be the result of HI self-absorption, caused by residual HI embedded in the CO. Figure A3 in the appendix is an example of such a dip in the spectrum towards HESS J1641−463 in component 1, and the corresponding intense emission that is seen in CO. To reduce the effect that these self-absorption dips may have on the calculation of the atomic gas parameters, and following the analysis technique in Fukui et al. (2012), we estimate the actual HI emission level by a linear interpolation connecting the adjacent shoulders of a dip. The dotted line in Figure A3 demonstrates this interpolation. This is a conservative estimate as the true spectrum is likely peaked, rather than just a straight line.
From the corrected spectra and, following §3, mass and density estimates of the atomic gas contained in each component were calculated. Similar to the work by Supan et al.
(2016), we find that, when comparing the molecular gas traced by CO and the atomic gas traced by HI, the physical parameters of the atomic gas are a small fraction of molecular gas. The calculated masses of atomic gas in each component can be found in Table 4 in §5 and in Table A2 in the appendix.
DISCUSSION
As mentioned previously in §1, the production of γ-rays from the TeV sources HESS J1640−465 and HESS J1641−463 may be the result of hadronic scenarios, in which accelerated CRs are interacting with ambient gas, or leptonic scenarios, in which energetic electrons up-scatter background photons. We now consider the implications that our study of the interstellar gas towards these TeV sources have on the aforementioned origin scenarios.
Hadronic scenarios
The segment of emission that includes components 1, 2, and 3 in the CO spectra traces gas that is at a velocity within ∼ 10 − 20 km/s of the reported systematic velocity of the HII regions in the HII complex (see §1.1). Assuming SNRs G338.3−0.0 and G338.5+0.1 and the TeV sources are all linked with this HII complex, the gas traced here is a potential target for accelerated CRs. The dense gas traced by CS at these velocities is found in a bridging region between the two TeV sources and may also be acting as CR target material.
A relationship to calculate the flux of γ-rays above a given energy level produced by hadronic interactions between CRs and CR-target material from the mass of the target material was derived by Aharonian (1991). The expected γ-ray flux above some energy Eγ, assuming an E −1.6 integral power law spectrum, is given by:
(3) where M5 is the mass of the CR-target material in units of 10 5 M , d kpc is the distance in kpc, kCR is the CR enhancement factor above that observed at Earth, and Eγ is the minimum energy of γ-rays in TeV. −13 cm −2 s −1 . The total amount of CR-target material towards HESS J1640−465 and HESS J1641−463 is taken to be the sum of the molecular and atomic mass traced by emission in CO(1-0) and HI respectively. These masses, together with the calculated CR enhancement factors kCR for the total mass in components 1, 2, and 3 are displayed in Table 4 . A complete list of kCR values for every gas component along the line of sight can be found in Table A2 in the appendix. It should be noted that the kCR values here refer to E > 1 TeV γ-rays and pertain only to higher energy CRs ( 10 TeV). Thus any CR energetics should be considered lower limits on the total CR energy. In addition, Equation 3 assumes an E −1.6 integral power law CR spectrum. This is different from the ∼ E The CR enhancement factor kCR above 1 TeV towards HESS J1640−465 for the gas traced in components 1, 2, and 3 are of the order of ∼ 10
3 . This value is consistent with a nearby (within a few pc) and young SNR ( 5 kyr) such as G338.3−0.0 accelerating and injecting CRs into the ambient gas (Aharonian & Atoyan 1996). Thus, assuming the gas at either components 1, 2, or 3 are associated with the location of HESS J1640−465, a hadronic scenario is plausible. In a case where all of the gas traced in these components are summed and considered as CR target material associated with HESS J1640−465, the required kCR value becomes 350. In the case of HESS J1641−463, the required kCR value for the molecular cloud positionally coincident (component 1) is 150. Component 1 is dominant whereby summing the gas traced in components 2 and 3 marginally decreases the required kCR value. If the molecular cloud in component 1 is indeed associated with HESS J1641−463, the hadronic scenario would be possible given its proximity with potential CR accelerators.
If the hadronic scenario holds true in both HESS J1640−465 and HESS J1641−463, then the total CR energy budget, Wp, can be given as Wp = Lγτpp, where Lγ is the luminosity in γ-rays. τpp is the cooling time of protons through proton-proton collisions and is given by (Aharonian & Atoyan 1996): τpp ≈ 6 × 10 7 (n/1cm −3 ) −1 yr, where n is the number density of the ambient gas.
HESS J1640−465 has a γ-ray luminosity of Lγ = 9 × 10 34 erg s • from the far side of the maximum extent of HESS J1641−463, equivalent to ∼ 60 pc at the assumed distance of 11 kpc. The maximum Gaussian extent of HESS J1641−463 is 0.05
• or ∼ 10 pc at this distance. Thus the filling factor of HESS J1641−463, assuming a spherical geometry with radius 10 pc, compared to the 60 pc radius sphere centred at SNR G338.3−0.0 is ∼ 0.005. Assuming that 10 50 erg was injected into accelerating CRs by G338.3−0.0, and assuming the CRs are uniformly distributed within the sphere, the total amount of energy in CRs at HESS J1641−463 is ∼ 5 × 10 47 erg. This value is consistent with the value of Wp calculated above for HESS J1641−463, and thus the presented origin scenario is energetically plausible for the observed ISM.
The separation from the Galactic-eastern edge of the , where D10 is the diffusion coefficient when energy = 10 GeV. This value corresponds to slow diffusion and is not unexpected given the substantial amount of gas traced in the region between HESS J1640−465 and HESS J1641−463 in both CO and CS observations. This is because gas with larger values of n will have greater magnetic fields. The corresponding increase in the interaction between CR particles and magnetic fields would increase the rate of scattering, thereby decreasing the diffusion coefficient.
We can estimate the diffusion coefficient through the gas in this bridge region using Equation 2 from Gabici et al. (2007) . The required value of the magnetic field inside the ISM is a function of n and is calculated following Crutcher et al. (2010) . In §4 we have calculated the values of n for the diffuse and dense gas in the bridge region from CO and CS data respectively. These values have been presented in Tables 2 and 3. For the diffuse CO traced gas, B ∼ 15µG and D10 ∼ χ(4 × 10 27 ) cm 2 s −1 . For the dense CS traced cores, B ∼ 500µG and D10 ∼ χ(7 × 10 26 ) cm 2 s −1 . The parameter χ < 1 is a suppression factor that accounts for the suppression of the diffusion coefficient inside a turbulent cloud. For a moderate value of χ ∼ 0.1, the diffusion coefficient in this region would agree with a slow diffusion scenario. This diffusion scenario is a theoretically plausible explanation for the γ-ray emission from HESS J1641−463. The hardness of the TeV emission would be explained by higher energy protons preferentially reaching CR target material earlier and the effective exclusion of low energy CR due to the dense gas bridge.
As mentioned in §4.1, emission in CO(1-0) traces an extended molecular cloud structure to the Galactic-west of HESS J1640−465. The angular separation of this cloud is Since an increase in distance of even ∼ 100 pc from the source SNR would drastically diminish the available CRs (Aharonian & Atoyan 1996), it is possible that CRs may not have yet reached this molecular cloud. In addition, CRs escaping from an accelerator can diffuse anisotropically, tending to propagate along magnetic field lines (eg. Nava & Gabici (2013)). It is possible that the orientation of the magnetic fields in this region are directing CRs away from this molecular cloud.
An alternate scenario is that SNR G338.5+0.1, coincident with HESS J1641−463, is accelerating CRs that are interacting with the ISM. Modelling by Abramowski et al. (2014b) indicate that the hard proton spectrum required to generate the γ-ray emission agrees well with CRs accelerated by a young SNR. The critical factor is then the age of SNR G338.5+0.1. A 5-17 kyr middle aged SNR (Abramowski et al. 2014b) would disfavour this scenario, and lend support to the diffusion scenario discussed above. In either case, the molecular cloud found in component 1 of our study towards HESS J1641−463 provides ample target material for accelerated CRs to interact with, producing γ-rays through the hadronic channel.
Leptonic Scenarios
We now consider the leptonic scenarios, in which TeV emission is primarily due to accelerated electrons interacting with ambient photons via the inverse-Compton effect, for ). In our ISM study and considerations in the previous section, we have shown that there is sufficient target material towards HESS J1640−465 for a purely hadronic origin, given a local CR accelerator such as SNR G338.3−0.0. As such, our study does not rule out either model, and it possible that the TeV emission from HESS J1640−465 has contributions from both leptonic and hadronic processes, although some fine-tuning is required to explain the smooth powerlaw spectrum seen by Fermi-LAT (Lemoine-Goumard et al.
2014).
A leptonic origin has been previously considered for HESS J1641−463 (Abramowski et al. 2014b) but was strongly disfavoured, stemming from the lack of a characteristic break in the γ-ray spectrum and the extreme difficulty in accelerating a population of electrons to the required energies. For completeness, however, we now consider a leptonic diffusion scenario in which CR electrons, perhaps from the PSR J1640−4631, are diffusing through the gas bridge between HESS J1640−465 and HESS J1641−463.
The cooling time of CR electrons due to synchrotron radiation can be given by τsync ≈ (bsγ) −1 s, where bs = 1.292 × 10 −15 (B/mG) 2 s −1 , and the diffusion time of CRs over a distance d is given by τ diff = d 2 /(6D(E)), where D(E) is the diffusion coefficient at energy E (Ginzburg & Syrovatskii 1964). We consider the case where Ee = 5 TeV. At this energy, γ-rays produced via inverse-Compton scattering would have energies ∼ 200 GeV (in the Thompson regime) which is near the lower limit of detectability by H.E.S.S.
Dense cores of gas within the bridge region are traced in CS observations with n ∼ 10 5 cm −3 . These cores have a diameter of ∼ 2 , which corresponds to ∼ 6 pc at a line-ofsight distance of 11 kpc. The magnetic field in these cores are calculated following Crutcher et al. (2010) , using the values of n presented in §4. Using this, τsync and τ diff were found to be ∼ 10 yr and ∼ 1 kyr respectively. This implies that CR electrons would rapidly lose their energy via synchrotron losses, and be unable to pass through the dense cores. For completeness, we note that calculations using emission from the diffuse gas tracers 12 CO and 13 CO in these core regions give n ∼ 4 × 10 3 cm −3 . In an optimistic scenario, CR electrons could have paths that avoid the dense cores while diffusing through the gas bridge region. From §4, the diffuse gas traced by CO observations across the whole bridge region have n ∼ 5 × 10 2 cm −3 . Assuming that the distance across the gas bridge is ∼ 30 pc, τsync and τ diff are calculated to be ∼ 11 kyr and ∼ 4 kyr respectively. Hence, in an optimistic scenario, some electrons would be able to diffuse through the gas bridge. However, realistically this is somewhat unlikely given the prevalence of dense gas in the region, as traced by CS emission. CR electrons would be effectively blocked by the dense regions of the gas bridge and be unable to generate γ-rays which may be contributing to HESS J1641−463.
CONCLUSIONS
In this paper we have used data collected by the Mopra Radio Telescope in the 3 mm and 7 mm wavelengths as well as archival HI data to investigate the molecular and atomic gas towards the VHE γ-ray sources HESS J1640−465 and HESS J1641−463. The gas investigated here may be target material for accelerated CRs, producing TeV γ-rays via hadronic interactions.
CO(1-0) observations from the Mopra Galactic Plane Survey revealed multiple diffuse molecular gas components at numerous velocities along the line-of-sight positionally coincident with both TeV sources. In particular, substantial detections were made at velocities within ∼ 10 − 20 km/s of the reported systematic velocity of the HII region (−32 km/s). The gas traced in Components 1, 2, and 3 as described in §4 (−53 to −23 km/s) may be then associated with the SNRs, HII region and the VHE γ-ray sources. Of particular note is the molecular cloud traced in Component 1 positionally coincident with HESS J1641−463. 7 mm observations in the CS(1-0) lines revealed a region of dense gas cores coincident with intense emission in the CO(1-0) lines. This gas formed a "bridge" of material located between the two TeV γ-ray sources.
Mass and density estimates derived from CO, CS, and HI for gas components towards HESS J1640−465 and HESS J1641−463 allowed for an investigation of the available CR target mass. Assuming the total gas mass in Components 1, 2, or 3 towards HESS J1640−465 is CR target material in a hadronic scenario for TeV γ-ray production, the required Wp is ∼ 10 48 erg and the required CR density would be of the order of ∼ 10 3 times that seen at Earth. For HESS J1641−463 if the molecular cloud positionally coincident traced in Component 1 is CR target material, then the required Wp is ∼ 10 47 erg, and the required CR density would be of the order of ∼ 10 2 times that seen at Earth.
We also investigated the scenario in which TeV emission from HESS J1641−463 is due to high energy CRs from SNR G338.0-0.0, coincident with HESS J1640−465, diffusively reaching CR target material seen in our data. We find that the scenario is a plausible explanation which readily explains the hardness of the TeV emission from HESS J1641−463. We do not, however, discount the scenario in which SNR G338.5+0.1 coincident with HESS J1641−463, is providing the required CRs.
A scenario in which CR electrons from PSR J1640−4631 were diffusing towards HESS J1641−463 was considered. However, it is somewhat unlikely due to dense cores of gas present in the bridge between HESS J1640−465 and HESS J1641−463 which would effectively block the path of the electrons. This is in addition to arguments presented by Abramowski et al. (2014b) that disfavour a leptonic origin.
Future γ-ray measurements taken by next-generation ground based γ-ray telescopes systems (eg. Cherenkov Telescope Array), will have greatly increased sensitivity above 10 TeV and have angular resolutions similar to that in this study of the interstellar gas. This will allow more detailed morphological comparison between the TeV γ-ray emission and gas and allow a deeper investigation of the nature of HESS J1640−465 and HESS J1641−463. Table A1 . 13 CO(1-0) line parameters, and the corresponding calculated gas parameters, from the apertures as indicated in Figure 1 . Calculations were made following §3.1, but using the 13 CO(1-0) X-factor, X13 1-0) ) and is on the order of 30%. 
